
. 
U 5 R E S  

The kinetics of dissolution of U02 under reducing coditions and the influence of an oxidized 
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Abstract-We have studied the kinetin of dissolution of uranium dioxide, UOz( s), under strongly reducing 
conditions (Hz(g)/Pd) .  We have investigated the dependence of the rate of dissolution as a function of 
critical geochemical parameters: pH, KO?, and carbonate concentration. By using a stirred batch reactor, 
the kinetics of dissolution of a n  U02+, surface layer and the subsequent precipitation of UOz have also 
been studied. Although the initial UO2 is pretreated before starting the experiments, it seems to be very 
difficult to avoid the formation of the oxidized surface layer. For this reason we have developed a thin 
layer continuous flow-through reactor in order to study the kinetics of dissolution of pure UO,(s). 

The dependence of the rate of dissolution of these solids on the proton concentration of the solution 
may be expressed according to  the following equations: 

( 3  5 pH 5 7) 

( 7 5 p H 5  1 1 )  

( 3  5 pH 5 9)  
The mechanism of dissolution of these solids is surface controlled. 
The rate of dissolution of U 0 2  in acidic solutions may be described in terms of an integer dependence 

( 2  5 pH s 6)  

- 

rdiS(UO2)(mol sec-' m-') = 1.4(k0.3) X 10-8[H+]0.s3d~08 

rdis(UOz)(mol sec-' m-') = 1.9(+0.8) X IO-'' 
rdis(U02+x)(mol.sec-' m-') = l . l (k0 .3)  X IO-'' [H+]-'.30'o.oz 

on the activity of the protonated surface complexes: 

rdiu(U02)(molsec-' m-') = 1 .11  x I ~ ' ~ { > U O H ; ~ '  

INTRODUrnION 

URANINITE IS ONE of the most common uranium mineds .  
What is often reported as uraninite in the geochemical lit- 
erature covers a wide range ofU02+,( s )  uranium oxides with 
U 0 2  and U307 as endmembers. Uranium oxide minerals of 
higher O / U  ratio between 2.3 and 3.7 are usually called 
pitchblende (MAYNARD, 1983). 

The presence of the pure endmember U 0 2  in uranium 
oxide mineralizations is rare and is usually associated with 
strongly reducing or very anoxic genetic conditions. The 
presence of pure crystalline u30.1 has been observed in the 
vein-type deposits at Key Lake (DAHLKAMP, 1978). 

The cycle of uranium in natural waters and consequently 
the formation of uranium ore deposits is connected to the 
oxygen cycle, and consequently to the iron and sulfur ones. 
Uranium is mobilized from the source (e&, granites. in- 
terbedded volcanic ashes) under oxic conditions as uranium 
VI)  and precipitates in anoxic conditions (MAYNARD, 
:983). The precipitation in anoxic media occurs in the form 
of either uraninite (UOz) or coffinite (USiO,), depending 
on the silicate concentrations (LANGMUIR, 1978). The 
transformation of uraninite to coffinite occurs in the con- 
centration range of SiOz from 17 to 140 ppm. 

Access to oxygen or to other oxidants has been assumed 

to be a requisite in order to mobilize uranium. The kinetics 
of uraninite ( UO2) dissolution under oxidizing conditions 
has been extensively studied. A comprehensive review has 
been recently prepared ( GRAMBOW. 1989). The most exten- 
sive investigation of the kinetics of uraninite dissolution 
(GRANDSTAFF, 1976) included the dependence on p 0 2 ,  
[HCO;], and pH. 

The average uranium concentrations in natural waters un- 
der reducing conditions are between 10-7-10-8 mol dm-3 
( 3  to 30 ppb). This is consistent with equilibrium with UOz( s) 
(BRUNO et al., 1988). Nevertheless, most uraninites show 
under reducing conditions O / U  ratios larger than two. The 
solubility of UOz-, solid phases is normally higher than that 
of pure UOZ under reducing conditions (BRUNO et al., 1988). 
This indicates that. under these conditions, uranium is ini- 
tially dissolved from the primary sources and it reprecipitates 
as U 0 2 .  This would suggest a mechanism of mobilization of 
uranium under reducing conditions which is different from 
the one commonly accepted. The understanding of this pos- 
sible mobilization mechanism is obviously very relevant in 
the case of the disposal of UOz spent nuclear fuel in granitic 
geological formations. In this case it is important to know to 
what extent and how fast the high grade UOz is dissolved 
under reducing conditions. Such a study is not available to 
our knowledge. 

The overall reaction for mineral dissolution and secondary 
phase precipitation can be expressed as 

(1)  

where the summation expands over all possible precipitation 

roVdl = r d k  - C rPm 
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reactions of secondary phases for the individual components 
of the mineral phase. 

The kinetics of dissolution of metal oxides have been ex- 
tensively studied. Stumm and coworkers have proposed a 
generalization of the surface controlled mechanism ( WIE- 
LAND et al., 1988). For m e a l  oxides the overall dissolution 
reaction ( rdk) is the result of  a series of sequential steps: 

1 ) the mass transpon of  solutes (H', O H - ,  in the absence 
of other complexing ligands) to the mineral surface, 
>MOH; 

2) the adsorption of the solutes ( H I ,  OH-) to the hydrated 
mineral surface: 

0 OH2 0 OH f 
\ / \  / 

Me Me +H'= M e  Me 
\ / \  / 

O H  
/ \ /  \ 

0 
/ \ /  \ 

0 OH2 

3 )  the detachment of the reactants from the surface: 

0 O H  OH, 

4 )  the mass-transport of the reactants t o  the bulk of the so- 
lution. 

Normally, the transport of solutes and reactants is faster 
than the detachment of the reactants from the surface. In 
this w e  the dissolution reaction is surface controlled and  
the rate of dissolution is proportional to the activity of the 
adsorbed species ( WIELAND et al., 1988 ) : 

I'd, = kH{>MeOH;jP.  ( 2 )  
The aims of this work are to present a general study of the 

kinetics of dissolution of UO2 as a function of  

1 ) the redox state of the surface; 
2 )  the proton concentration ( p H  ) of the solution in contact; 
3 )  the pCO2 and the bicarbonate concentration; 

and to discuss the results of the investigation in terms of the 
dependence of the degree of surface protonation as a function 
of  the pH.  Consequently, to establish the mechanism of  dis- 
solution of pure UOI and an oxidized, UOz,,, surface layer 
under anoxic natural waters conditions is intended. 

experimental devices that were applied for the kinetic determinations, 
using for both the same solid phase described above, were as follows. 

Batch Reactor 

A pre-treatment of the solid phase was neceSSary in order to remm 2 
both the possible oxidized layer formed on the surface and fine par- 
ticles. The presence of fine particles would make the interpretation 
ofthe results obtained very difficult (PETROWCet al., 1976: PFlaovlc, 
1976). Several methods have been proposed to eliminate those con- 
tributions. Among them, the most drastic one uses HF to clean the 
solid surface (HOLDREN and BERNER, 1979). However, this method 
has been seriously Criticized due to the fluorination of the surfaces 
(PERRY et al., 1983) and because of the possibility of change in the 
properties of the solid creating kinks and edges of high reaai\ity 
(CHou and WOLLAST, 1984). For these reasons, a less vigorous 
ueatment was used in our case. A weighed amount of the solid w 
kept for not less than 24 h in a dilute HCIO, solution under HI,, ; 
atmosphere and in the presence of a palladium catalyst. The so;iJ 
was washed afterwards several times with degassed bidistilled water 
and transferred to the experimental vessel under Hz(g)  atmosphere 
to prevent oxygen contamination. 

Experimental methodology 

We performed two different series of experiments in order to de- 
termine separately the influence of pH and [ HCO:] on the rate of 
dissolution. The determination of the pH influence was carried out 
in a 0.008 mol dm-' sodium perchlorate medium to simulate t h n  

average ionic strength of granitic groundwaters. The hydrogen i 
concentration was adjusted and kept constant by using either HCIU, 
or NaOH. 

In the investigations concerning the effect of HCO: on the rate 
of dissolution. we used diferent mixtures of HCO:/CIO; to obtain 
a constant ionic strength of 0.008 mol dm-j. This set of experiments 
was camed out under a constant COz(g) partial pressure obtained 
by bubblingdifferent mixtures of H2/C02 ofwell-known komposition. 
The volume of the test solution was 200 mL. and 2.0 g of solid were 
used. In all cases the stirrer was in direct contact with the solid phase. 
in addition. we checked the influence of a high bicarbonate concen- 
tration on the rate ofdissolution by carrying out an extra experiment 
at 100 mM in HCO;. 

Both types of experiments. in perchlorate and bicarbonate rn: . .._. 
were camed out in the following way. A known volume of the lest 
solution was previously degassed. and the pH was adjusted to the 
required value. The solution was transferred to the reaction vessel? 
and aliquots ( 4  m l )  for the uranium analysis were taken at intervals 
of time. The pH and the Eh of the test solution were continuously 
monitored by means of a combined glass electrode and a platinum 
wire. respectively. The samples were filtered through 0.22 pm MlL- 
LlPORE filters to ensure that only dissolved uranium contributed 
to the analysis. Constant high-speed stimng ensured the homogeneity 
of the bulk solution and avoided mass-transpon control withir! the 
solution. 

Row Reactor 

EXPERIMENTAL 

The preparation and purification of all chemicals and gases used 
has been previously described (BRUNO et al., 1985a). The oxidation 
state ofthe uranium in solution was ensured to be U( IV) by a constant 
Hz( g) flux in the presence of a palladium catalyst. This method has 
previously proved to be successful (BRUNO et al., 1985b, 1987). The 
uranium content in the solution was determined bv a SDectrODho- 
tomeuic laser fluorescence'method using a Scintrex UA-3  apparatus 
(ROBBINS, 1978). 

The solid phase used was an uranium dioxide supplied by ASEA 
ATOM Co. The mean panicle sire was approximately 50 pm. The 
bulk composition of the solid was c h a r a c t e d  by X-ray powurr 
diffraction (XPD) as UOz.a)l. The surface area was determined by 
the BET method to be 0.201 2 0.002 mz g-'. The two different 

n 

A second expenmental approach was developed in order to com- 
pare and validate the results obtained when using a batch reactor. 
Continuous flow reactors of different characteristics have k n  widely 
used for this kind of kinetic determinations ( CHOU and WOLLAST, 
1984,1985; K N A U S  and WOLERY. 1986; RMSTIDT and DOVE, 1986; 
WOLLAST and CHOU, I985 1. The experimental system selected by 
us is based on a continuous flow-through/thin solid layer reactor. In 
this system, the solid phase is contained in a reactor through which 
the test solution is continuously pumped. Using a thin layer of soiid 
one ensures an optimum conuct between both solid and liquid pha.: ... 
and minimizes the diffusion through the solid that can arise whei. a. 
thicker la-yer is used. Since the reactor was unstirred. this is an im- 
portant statement that was initially assumed in the experiments carried 
out. Anyway, the absence of a mass-transpon influence in the dis- 
solution rates determined with this system is shown below in the light 
of the results obtained. 
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formed are avoided because they are dissolved out of the reactor 
?.*fore saturation is reached ( WOLLAST and CHOU, 1985 ). 2000 
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FIG. I .  Experimental scheme of the thin-film continuous flow reactor. 
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Once the solid is enclosed into the reactor. no funher manipulation 
is required. because a new experiment is staned just by changing the 
conditions of the input test solution. Redox potential mesuremenu 
were used to quantify that the reducing conditions remained 
throughout the experiments. 

The solid wasenclosed into the reactor without any pre-katment. 
The problems concerning the presence of highly reactive phases dif- 
ferent from the bulk uranium dioxide are eliminated during the fim 
houn of the experiment. The more soluble phases are dissolved out 
ofthe reactor in the initial stage, giving a high initial concentration 
(:a' :he dissolved products in the output solution. Finally. only dis- 
wution due to the bulk solid phase under study is o b d n e d  ( RIMmDT 
and DOVE, I986 ). 

The dissolution rate depends only on the aqueous phase compo- 
sition in the absence of secondary solid phases and if the surface area 
remains constant. Under these conditions, the system evolves to a 
steady state and dissolution rates can be determined by multiplying 
the flow rate by the concentration of the dissolved ion in the output 

sute. At this point. we readjusted the pH of the test solution and a 
new experiment was started. Once the conditions of the feed solution 
were changed. a new steady state was reached in approximately 24 
h except for the fint experiment. where we detected a high initial 
uranium concentration in the effluent (see Fig. 2) .  We assume that 
this was due to the dissolution of the more reactive phases. as explained 
above. 

The dissolution rates determined using continuous-flow reactors 
are based on the uranium concentration of the effluent at steady 
state. One must ensure that the uranium concentrations measured 
actually correspond to steady state instead of solubility equilibrium. 
The amount of uranium diwlved depends on the reaction time. 
which is related to the residence time of the test solution in the reactor, 
given by 

I =  V l Q  ( 3 )  

Experimenial merhodology 

A known weight of U02( s )  ( ~ 0 . 5  g) was enclosed inro the reactor 
between two MILLIPORE filten (diameter: 13 mm) with a Pore size 
of022 a m  to ensure that only the concenmtion ofdissolved uranium 
was measured. The ionic nrength of the feed solution was adjusted 
to 0.008 mol dm-' by using sodium perchlorate. and either sodium 
hydroxide or perchloric acid were used to adjust the pH to the 
value. The reducing conditions of the feed solution were obtained 
by bubbling H*(g) in the presence of a palladium catalyst. The hy- 
drogen flux was maintained a minimum of 24 h before Starting the 
xperiment. 

A variable flow rate peristaltic pump was used to circulate the test 
solution through the reactor. T h e  values of pH and Eh were contin- 
ously monitored by means of an on-line combined glaS-elenrode 
and a platinum wire, respectively. The experimental device is shown 
in Fig. I .  

We took samples of the effluent a t  regular time intervals. Their 
uranium content was analyzed to monitor the attainment of steady 

FIG. 2. Uranium concentrations as a function of time obtained in 
the effluent of the thin-film continuous flow reactor after a new ex- 
periment is started. 
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where Vis the volume of solution in contact with the solid phase 
and Q is the flow rate (CHOU and W O W ,  1985). Since the volume 
is constant, the uranium concentrations of the effluent must be in- 
versely proportional to Q, if steady state is reached. Therefore, the 
effect of pumping rate on the uranium concentration of the effluent 
was checked. Ideal behaviour was found up to Q = 0.5 mL min-I, 
approximately. Hence, the flow rate normally used on b e  subsequent 
experiments was in the range 0.1-0.5 mL min-I. 

The dissolution rate values were calculated using the following 
equation: 

r b  = Q(dm’se~-’)[U]~(mol dm-’) = mol sec-’ (4)  

where (VI, stands for the uranium concentration of the effluent. 
These values were normalized with respect to the total surface area 
of the solid phase. 

Deierminaiion ofrhe pH,, 

Acid-base titrations of an inert electrolyte were camed out in our 
lab by Forsgren in the presence and in the absence of a known amount 
of a solid phase suspension ( FORSGRES. I987 ). From both mass and 
charge balances the total surface charge can be calculated. From the 
values obtained. !he pH corresponding to a net surface charge equal 
to zero (pH,) can be determined (STUMM and MORGAN, 1981; 
SCHINDLER and STUMM, 1987). 

Two different solid phases were used. A solid previously in contact 
with the air and another one pretreated under reducing conditions 
were titrated in order to compare the results obtained. The solid in 
contact with the air is assumed to develop an oxidized surface layer. 
with a composition likely to be u~o7 according to previous investi- 
gations (ALLEN et al.. 1986: SHOESMITH et al.. 1989). 

The value obtained by FORX~REN ( 1987) for U307 was pH, = 3.4 
2 0.4. to be compared with an earlier determination pH,,( U307) 
= 3 2 I found in the literature (SUNDER et al., 1986). For UO1, 
FORSGREN (1987) gives a pH, = 6.7 = 0.3. 

RESULTS 

Batch Reactor 

Some sets of data in the form [ U (I \ ’ ) ]  in solution versus 
time (hours). obtained using different bicarbonate concen- 
trations in the test solutions, are shown in Fig. 3. The be- 
haviour of the system shows a fast initial increase of the ura- 
nium in solution followed by a decreast after a few hours 
until a final steady state is reached. The same trend was ob- 
served in our previous studies when working with sodium 
perchlorate as ionic media (BRUNO et al.. 1988). The results 
from the most significant experiments. with and without bi- 
carbonate, are presented in Table 1. The behaviour observed 
indicates an initial dissolution of a surface layer of UO2+,, 
which could not be eliminated with the pretreatment used, 
followed by the precipitation of a more stable phase. U02, 
under reducing conditions. This oxidized surface layer has 
not been specifically identified in our experiments. However, 
the surface of U02 is oxidized very rapidly to U02.z in so- 
lutions in contact with air a t  low temperatures. This oxidation 
requires extremely high potentials (2300 mV) in order to 
proceed furtherthan U307 (SHOESMITH et al., 1989). Hence, 
on the basis of this electrochemical reasoning, we assume 
that this is the composition of the oxidized surface layer. 

The mechanism presented is in agreement with previous 
observations on the reduction of U(1V) in the presence of 
uOl(s) (FORWARD and HALPERN. 1953, 1954; BUNJl and 
ZGGOVlC, 1958; BALACEANU et al., 1958). In order to achieve 
fast and complete U ( W )  reduction and U02 precipitation, 
these authors studied the effect of several catalysts (Ni, Ni- 

Raney, and UOz), hydrogen pressure, temperature, and 
HCO;/CO:- concentrations. . 

The work by BUNJl and ZOGOVlC ( 1958) is of specid in- 
terest because it shows that U02 ( s )  is in fact capable of ac. 
complishing complete reduction of a U(V1) from S O I U . : . ~ ~ .  
Their results also imply that the active surface area mei in  
fact changing during the experiments of FORWARD and HAL. 

BALACEANU et al. ( 1958) observed that sodium bicarbon. 
ate decreases the rate of U (  VI) reduction, while the effect of 
Na2C03 in their experiments was negligible. BALACEANU et 
al. (1958) concluded that HCOS prevents the formation of 
an initial carbonate precipitate of intermediate oxidation de- 
gree by keeping U( Iv) in solution. An inspection of the data 
for 70°C in Fig. 14 of BALACEANU et al. (1958) gives r. de- 
pendence of the precipitation rate as a power of = - ; .. 3n 
the activity of the bicarbonate ion. 

In our experiments the dissolution rate was determined 
from the slope of the initial linear segment of the uranium 
concentration versus time (Fig. 3 ) .  The values obtained were 
normalized with respect to both the total surface area of the 
solid used and the volume of the test solution. In Fig. 4 we 
present the data obtained in both series of experiments (per- 
chlorate and bicarbonate media) in the form log ( rd,=/S) 
versus pH. The logarithm of the initial dissolution rate shcws 
a linear dependence on the proton concentration of thr !:st 
solution in the pH range 3 to 9 (see Fig. 4 ) ,  while the datum 
at  pH = 12 shows a behaviour which cannot be correlated 
to  the rest of the data probably due to  the formation of ur- 
anates at this high pH value and. thus. affecting the rate of 
dissolution measured. In the pH range 3 to 9 the dependence 
can be described in terms of the following equation: 

( 5 )  

PERN (1953) and BALACEANU et a]. (1958). 

rdiu/S(mol sec-’ m-2) = ~ H [ H + ] - ~ . ~ ~ = ” . ~ ’  

with kH = 1.1 (k0 .3)  X I O - ”  
From these results it is concluded. as it was noticed ab;,- :. 

that even if care is taken during experimental procedures to 
keep an oxygen-free atmosphere around UO2(s), an oxygen- 
enriched coating (UlOt)  is always formed on the surface of 
U02(s). POSEY-DOWY et al. ( 1987). for example: had to 
use a preleaching treatment to reduce initial uranium dis- 
solution (in absence of oxygen) to less than 0.01 mg dm-’. 
In our experiments the total amount of uranium dissolved 
vaned between 0.1 and 1.4 mg dm-3. Taking into.consid- 
eration the actual surface area in our experiments (which 
vaned between 0.24 and 2.06 m2 dm-3) and the cubic CT) 

lattice parameter (a0 = 5.470 four U02 units in the unit 
cell, IAEA 1965), we calculate that the depth of U02 dis- 
solved, Le., the U02 thickness equivalent to the U307 coating 
initially present in the experiments, was always less than 4 
A (i.e., less than one unit cell deep). In addition, the influence 
of the pH on  the rate of precipitation of the final solid phase 
(U02) was also determined to define its influence in 
Eqn. (1 1. 

The values obtained in the pH range from 3 to 12 show 
no significant influence in either the proton or bicarbon::? 
concentrations on the precipitation process, if the ionic 
strength is kept constant to 0.008 mol dm-3 (Fig. 5). On the 
other hand, at higher bicarbonate concentrations (0.1 mol 
dm-3), the precipitation rate has been found to be slower in 

as the rate constant. 
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FIG. 3. Total dissolved uranium concentration as a function of time obtained in batch reactor expenmenu for the 
dissolution ofU,O,(s) in bicarbonate media. (a )  [HCO:] = I mM. COi(g) 1%; ( b )  [HCOS] = 1 mM, COz(g) 5%: 
( c )  [HCO,] = 5 mM, CO,(g) 5%; (d) [HCO:] = 100 mM, Codg) 5%. 

agreement with previous observations ( BALACEANU et al., 
1958). More experimental work is necessary in order to pre- 
sent a complete description of the influence of high bicar- 
:-mate concentrations on the precipitation fate. 

Flow Reactor 

The results obtained in 0.008 mol dm-’ perchlorate media 
are presented in Table I1 as the total uranium concentration 
of the effluent as a function of both the Row rate of the feed 
solution and the pH. In Fig. 6 the values of log ( rdirr/S) d- 
culated with Eqn. (4)  are plotted versus pH. The data show 
two different trends. In the pH range 3 to 7, log ( r k / S )  is 
:;nearly dependent on pH. The dissolution rate can be related 
io the hydrogen ion concentration in the form 

~,,Js (mol sec-l m-’) = kHI[~+]0.53t0.01 ( 6 )  

with k~~ = 1.4(f0.3) X 
The data obtained between pH 7 and I 1  show no clear 

dependence of the rate of dissolution with the proton con- 

as the rate constant. 

centration. Consequently, the rate expression can be adjusted 
to the equation 

(7) rdr/S (mol sec-’ m-’1 = k H 2  

with kH2 = 4.4(*3.9) X lo-’’. 

value is discussed in the next section. 

DISCUSSION 

The possible influence ofthe precipitation reaction on this 

Dissolution of U30.r 

The dependence of r b  for U,O,(s) on [H‘] can be ex- 
plained in the following terms: 

The negative dependence indicates that the dissolution fate 
is favoured by the presence of OH- ions in solution. 

0 Fractional reaction orders are observed for different type 
of minerals including oxides, bicarbonates, and silicates. 
Several investigators (LASAGA, 198 1; GRAUER and STUMM, 
1982; STUMM and FURRER, 1987) have shown that this 
can be described in terms of surface complexation as the 
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B B L E  I.- Total concentration of uranium in solution 
(pg dm") versus time (hours) for the most significant 

experiments carried out in the stirred batch reactor 

EXPERIMENT: A B C D E F G € I ( * )  

0 . 0 2  
0 . 0 3 3  
0 . 0 8 3  
0 . 1 1 7  
0 . 1 6 7  
0 . 2 5  
0 . 3 3 3  
0 . 5  
0 . 6 6 7  
0 . 7 5  
0 . 8 3 3  
1 
1 . 5  
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 9  
2 0  
2 1  
22  
23 
25 
26 
27 
29 
30  
3 1  
33 
43 
45  
4 7  
4 8  
4 9  
5 0  
5 2  
54 
55  
56  
69  
7 1  
72 
73 
74 
75 
7 1  
79  
8 0  
93  
95 
96 

100 
103 
116 
119  
1 2 0  
1 2 1  
123  

co: 
io1 

in 
ti0 
PE 
ch. 

DO 

4 '  

TI 
are 

I \  5 
( .  

IO! 

-5 

-5 

- 6  

-E 

-7  

-7 

- e  

Fit 
batct 
medi 
natio 



Dissolution of U02 under reducing conditions 653 - .  

-5.0 

-5 .5  

-6.0 

-5 .S  

-7 .0  

- 7 . 5 .  

- e . o  

Table I .  (Continued) 

' 

Q 8  
O 
B 

* 

8 . 4 
8 A  

* 

0 

EXPERIMENT: A B C D E F G H ( * )  

I 
tlntrolling step for the mineral dissolution, because the 

ion detachment will depend on the number of adjacent 
bound sites. The fractional rate order can be transformed 
in this case to an integer dependence on the concentra- 
tion of surface species. This is in agreement with the low 
pH,, = 3.4 of U307.  We can assume that the surface 
charge u = { >UOHZ} + { >UO-}. Hence, at pH > 4, 
u = { >UO-} and rdiu K {SUO-}.  

The mechanistic steps proposed for the dissolution process 
270 

I 

2)  The rate determining step, the slow detachment of the 
metal ion 

> + U(OH)F-")+ + ( n  - 2)H'. 

3) In the presence of bicarbonate on the test solution, the 
formation of carbonate complexes. This is assumed to be 
a fast step reaction since no dependence of the rate of 
dissolution on this anion has been found. 

I )  The fast deprotonation of the oxidized surface layer 

>U - O H  S >U - 0-+ H+.  

On the other hand. the lack of dependence on the rate of 
precipitation of UO*(s) on the proton concentration, can be 
explained by surface growth of the U02(  s )  crystals. This type 

I (u307) 

log (Rdles/S) 108 h p  

0 

- I  

-2 

- 3  

pn pn 

FIG. 4. Values of the rate of dissolution of U307( s) calculated for 
batch reactor experiments in both perchlorate (0 )  and bicarbonate 
media ( A )  as a function of pH. (m) corresponds to earlier determi- 
n a t i o n s ( B ~ ~ ~ 0  et ai., 1988). 

FIG. 5 .  Calculated values of the precipitation constants of U02(s) 
obtained for batch reactor experiments for both perchlorate (0) and 
bicarbonate ( A )  media as a function of pH. The full triangle corre- 
sponds to the value obtained at 100 mM bicarbonate. 
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TABLE 12.- Total concentration of uranium (pg dm-') on the 

effluent of the continous flow-through reactor versus both the 
flow rate (ml min-') and the pH 

Flow rate IYL EK 
0 . 1 7 5  1 9 2 0  3 . 4  
0 . 1 8 1  2003  3 . 5  

3 . 8  0 . 2 4 1  9 6 2  
0 . 1 9 1  1 2 3 7  3 . 9  
0 . 1 8 0  1 3 3 5  4 . O  
0 . 1 7 2  , 1 3 9 0  4 . 0  
0 . 1 5 8  3 9 7  4 . 5  
0 . 1 6 9  5 2 3  4 . 5  
0 . 1 6 0  8 0  5 . 9  
0 . 1 6 9  7 9  6 . 0  
0 . 3 3 6  37  6 . 1  
0 . 3 5 2  4 0  6 . 1  
0 . 5 4 4  1 6 3  6 . 5  (a) 

6 . 5  (b) 0 . 5 4 4  1 7 8  
0 . 4 1 5  7 1 . 4  6 . 7  
0 . 2 7 5  6 5 . 4  6 . 7  
0 . 2 7 8  8 4 . 6  6 . 7  
0 . 2 7 6  5 0  6 . 7  
0 . 4 0 2  67  6 . 7  
0 . 2 4 6  25  6 . 8  
0 . 2 5 5  2 7 . 5  6 . 8  
0 . 2 6 6  22  6 . 8  
0 . 5 9 6  6 . 7  8 . 4  
0 . 5 3 7  2 1  8 . 6  (a) 

8 . 6  (b) 0 . 5 3 7  25 
0 . 5 0 9  23 9 . 5  (a) 
0 . 5 0 9  25 9 . 5  (b) 
0 . 5 2 7  30  9 . 6  (a) 
0 . 5 2 7  32 9 . 6  (b) 
0 . 4 8 0  33  9 . 6  (a) 
0 . 4 8 0  38  9 . 6  ( b )  
0 . 4 6 7  28 9 . 7  
0 . 5 4 7  2 5 . 5  9 . 8  
0 . 5 0 3  2 8 . 5  9 . 9  

78  1 0 . 0  (a) 0 . 4 6 9  
0 . 4 6 9  8 7  1 0 . 0  (b) 
0 . 5 2 0  2 4 . 3  10.0 
0 . 5 1 2  2 2 . 6  1 0 . 0  

8 . 5  10.1 (a) 0 . 4 6 4  
0 . 4 6 4  9 . 8  10 .1  (b) 
0 . 5 1 5  6 0  1 0 . 3  (a) 
0 . 5 1 5  6 1  1 0 . 3  (b) 
0 . 5 1 7  7 9  10.4 (a) 
0 . 5 1 7  7 9  1 0 . 4  ( b )  
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Each pair marked a s  a and b indicates the same determination 
but taken the samples at different distances of the reactor 
showing no significant adsorption of uranium i n k  the walls of 
the system. 

Weight of uranium enclosed into the reactor: 0 . 5 6 - 3 . 6 3  g 1 
of process is typically controlled by a surface reaction and, 
thus, depends on the topography of the mineral surface. 
Crystal growth normally takes place preferentially at kinks 

(SIZTMM et al., 1983), often caused by screw dislocations 
having higher surface energy than the atoms in the plain sur- 
face. 
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Dissolution of u02 

The fractional reaction order obtained for the U 0 2 (  s)  dis- 
5.9lution indicates, as discussed for the dissolution of U30,, 
tne surface complexation as the controlling step for the min- 
eral dissolution. 

The positive dependence on [ H + ]  between pH 3 and 7 
(cf. Fig. 6)  shows that the dissolution rate of U 0 2  is favoured 
in this pH range by the presence of H +  ions in solution. The 
sign on the proton dependence indicates a completely dif- 
ferent surface behaviour than the one observed for U307 in 
the same pH range. This indicates that the surface oxidation 
of U02 to U,O, was avoided by working with the flow system. 

Hence, we propose the following mechanism for the dis- 
5Jlution of U02 under reducing conditions: 

1 ) Fast protonation of the surface layer 

>U - O H  + H +  = > U  - OH:. 

2 )  The rate determining step, the slow detachment of the 
metal ion 

> U - O H i + ( n -  I ) H z O + >  + U ( O H ) y - " ) + + n H + .  

-9  . 

-10 - 

- 1 1  
3 5 7 9 I I  

P H  

I B 

FIG. 6. Rares of dissolution of UOz(s) obtained in the thin layer 
continuous flow-through reactor as a function of pH. 

3)  As in the previous case. the formation of bicarbonate 

The uranium concentrations of the effluent measured in 
the flow reactor experiments are sometimes close to the equi- 
librium concentrations predicted from the reaction (for pH 
2 5 ) :  

U 0 2 ( s )  + 2 H 2 0  = U(OH),(aq) 

with [U(OH).(aq)], = 9 ( k 4 )  X lo-* (from BRUNO et al.. 
1988) where [U(OH)4], is the concentration at equilibrium. 

Because of this. when studying the kinetics of dissolution 
under these conditions, the precipitation reaction should also 
be considered. In this case, according to Eqn. ( 1 ) 

complexes. 

l d i v = l m c u - r p r c c = d [ U ( I V ) ] / d f  -hi,[U(OH)a] (8) 

i n t h e p H r a n g e 7 t o  11, [ U ( I V ) ] = [ U ( O H ) 4 ] , a n d  

rdi, = d [  u (  I v )  ]/dl - kp [ u ( I v )  1 (9) 
where hi, was determined in independent batch reactor ex- 
periments under the same conditions (cf. Fig. 5 ) .  The value 
obtained in perchlorate media is 

= 1.9(k0.8) X lo-'. 

The rate constant for the dissolution of U02 corrected ac- 
cording to Eqn. ( 9 )  is, therefore, 

biu = 1.9(+0.8) X lo-". 

By applying the relation k& = &/kprec, we obtain k& 
= I (k0.6) X lo-', which results in 

log .hag = -7.10 ? 0.30 

to be compared with the value determined in previous sol- 
ubility measurements of the same phase (BRUNO et d., 1988): 

log Ky( = -7.08 ? 0.17 

for the reaction: U 0 2 ( s )  + 2 H 2 0  = U(OH).(aq). 

The agreement between the values indicates that the rate 
constants obtained for both the stirred batch reactor and the 
unstirred flow-through reactor are consistent. This implies 
that no significant influence of a mass-transport contribution 
is found in the rates of dissolution determined. 

In addition. the results obtained in both continuous and 
discontinuous systems. and the mechanisms proposed, are 
compatible with previous observations on dissolution pro- 
cesses of different oxides (FURRER and STUMM, 1983; 
STUMM, 1986: STUMM et al.. 1987) and aluminosilicates 
(CARROLL-WEBB and WALTHER, 1988; BLUM and LASACA, 
1988). 

Correlation Between Surface Charge Determinations and 
Rate of Dissolution 

There is a clear correlation between the pHz, of UOz and 
U30, and the dependence of their rates of dissolution on pH. 
The rates of dissolution of both U 0 2  and U30, have their 
minimum at the corresponding pH of zero charge. 

As we have previously discussed in the introduction, 
STUMM and coworkers (WIELAND et al., 1988) have found 
that the surface protonation equilibria of different minerals 
can be approximated to a Freundlich isotherm of slope re- 
calculated by us as 0.14 ? 0.03. These authors proposed that 
at pH values lower than the pH,, the activity of the proton- 
ated surface { > M O H t  } can be calculated by the following 
expression: 

{ > M O H i }  = (KF/[H+]&)[H+]" (10) 

and rn = 0.14 k 0.03. 
By applying Eqn. ( 10) to our data on U02 suspensions, 

we can calculate the activity of the protonated U02 sur- 
face in the pH range 2 to 6. A plot of log rdi, versus 
log { >UOH;} can be approximated by a straight line of 
slope 3.93 and an intercept of 16.6 (see Fig. 7 ) .  Hence, we 
can write the rate equation for the dissolution of UOz in 
acidic solutions as 

with K~ = 10-6.5M.I 
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FIG. 7. Dependens of the rate of dissolurion of U02 on the activity 
of the protonated surface complexes. 

rds = his{ >UOHt}4 (11)  

with& = 1.11 X I O l 3 .  

U02  in the pH range 2 to 6 as 
We can, thus, propose a mechanism for the dissolution of 

0 OH2 0 OH i 
\ / \ / Jew 

U U Z U  U -+ 

/ \ / \ 

\ /  

\ / \ /  

/ \ / \  
OH2 

OH1 

OH 0 0 

. .  

U + U ( 0 H ) ; .  

OH 
/ \  

By applying the general rate law on the dissolution of min- 
erals derived by WIELAND et d. ( 1988). the proton promoted 
dissolution rate can be written as 

r = kx,P,S (12) 
where r is the proton promoted dissolution rate (mol sec-' 
m-2), xu denotes the mole fraction of active sites. 4 represents 
the probability to find a specific surface site in the coordinative 
arrangement of the precursor to the activated complex, and 
S is the concentration of sites at the surface. 
P, may be expressed in general as 

4 a { >MOH;)~  ( 1 3 )  
where the exponential j is ideally correlated to the oxidation 
state of the central metal ion M (STUMM and WIELAND, 
1991). This is also the case for U02,  where we find 

P, 0: { > u o H ; ~ .  (14) 

Geochemical Modeling 

The consistency of both the rate and the equilibrium con- 
stants obtained in this work were checked by performing cal- 
culations with a general purpose computer program package, 

the EQ3/6 geochemical reactibn path codes. These programs 
are a convenient tool that may be used to calculate the evo. 
lution of geochemical systems that might be of interest for a 
nuclear repository assessment (WOLERY,  1980, 1983). T?e 
EQ6 code is able to solve kinetic a t e  laws for reactions i l l -  

cluded in its data base (DELANY et al., 1986). 
In the aqueous model of the EQ3 /6 package, each chemical 

reaction includes a product (mineral or aqueous complex) 
and any number of defined basis species. For the reactions 
considered in this work, the basis species are U'+ , H20, H +, 
02(g) ,  and HCOS. 

In order to simulate the dissolution of U307 and the pre- 
cipitation of U 0 2 ,  we have used the following heterogeneous 
reactions: 

U307(S) + 12H+ e 3U4+ + 6H20 + I/2O2(g) (!i) 

U 0 2 ( ~ )  + 4H+ U" + 2H20 (16) 

together with the aqueous speciation model described by 
BRUNO and m l G D o M ! ? N E C H  ( 1989). Therefore, new 
expressions for the net dissolution and precipitation reactions 
must be written for the EQ3/6 codes. For this purpose we 
have used the transition state expression (LASAGA, 1981; 
DELANY et al., 1986). Thus, for precipitation 

d[U]/dt = -kJq-[l - (Q-/K-)] ( ! - j  

where q- is the kinetic activity product for the reaction prod- 
ucts, Q- is the ion activity product of the mineral precipitation 
reaction. and K- is the equilibrium constant for the precip- 
itation reaction (cf. DELANY et al.. 1986). 

We have simulated some of the experimental data reponed 
in the present work with the EQ3/6 code and Eqn. ( 1 7 )  (and 
its complement for dissolution reactions). The input param- 
eters are as follows: for the reaction of the solubility of UO? 
expressed above in Eqn. ( 16), we need the values of log i' ; 
= -2.44 (equivalent to a U02-solubility of 0.0043 mg dm-'') 
and k, = 1.95 X sec-l cm-'. For the reaction of the 
solubility of U307 [IS], we used the value of ( k d [ H + ] - ' . ' )  
= 1.93 X IO-" and an initial amount of U307(c) equal to 
0.44 I4 pmol dm-'. 

The results are presented in Fig. 8, which illustrates the 
potential of the EQ3/6 codes to simulate problems related 
with uranium geochemistry. The results also corroborate the 
validity of the assumptions made in the numerical methods 
used to extract rate constants from the experimental dz.: 
Unfortunately, the EQ6 code incorporates an integratioil 
procedure which performs p0or)y on stiff kinetic systems, 
and computer execution times for this kind of problems might 
be very large in small computers (e.& the run to draw Fig. 
8 takes several days of CPU time on a VAX-750, whereas 
on a CONVEX C210 it takes only some minutes of CPU 
time). 

Temperature Dependence 

In order to obtain the temperature dependence of the prr- 
&pitation rate, we have fitted a first degree kinetic expression 
and Arrhenius equation to the data of FORWARD and HAL- 
PERN ( 1953) and BLJNJI and ZOGovlC ( 1958). The calculated 
activation energy is E, = 98.7 kjoules mol-' from the data 

i 

t 
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of BUNJI and ZoGoVlC ( 1958 ) using u02 catalyst on solutions 
probably containing 20 g dm-' of Na2C03 and 32 g dm-' of 
):;:.HCOI, and E, = 45.6 kjoules mol-' from the data of 
FURWARD and HALPERN ( 1953) using Ni catalyst on soh- 
Uons probably containing 50 g dm-3 of Na2C03. This can 
be compared with values between 50 and 6 3  kjoules mol-' 
obtained by BALACEANU et al. (1958) using Ni-Raney cat- 
alyst. 

Using Arrhenius equation and the activation energy of E,, 
= 98.7 kjs mol-' for the data of BUNJI and ZoGovlC ( 1958), 
we obtain a rate constant for the reduction of U(V1) and 
u02 precipitation at 25°C of 8.9 X sec-' g;b2 atm-'. 
Tl.: surface area was increasing during the experiments of 
E..'YJI and ZOGovlC ( 1958). Furthermore, specific surface 
areas for U 0 2  vary with the degree of crystallinity from 80 
to 0.2 m' g-' (GREILING and LIESER, 1984; BRUNO and 
PUIGDOM~NECH,  1989). If a value of 80 m2 g-' is used. a 
rate constant of k, = 7.2 X IO-" sec-' m-2 atm-' is obtained 
for solutions containing about 0.2 mol dm-' Na2C03 and 
0.4 mol dm-' NaHCO'. Taking into account that the pres- 
ence of bicarbonate slows down the reaction ( BALACEANU 
et al.. 1958), this rate constant agrees qualitatively well with 

values of 1.9(+0.8) X IO-' in 0.008 M NaCIO, and 
4 jf, +O. 1 ) X IO-' for our 0. I mol dm-' NaHCOJ experiment 
(ci. Fig. 5 ) .  

CONCLUSIONS 

We have studied the kinetics of dissolution of U 0 2  and 
UO:,, in a wide pH nnge  ( 3  to 1 I ). The dependence of the 
rate of dissolution on the hydrogen ion concentration has 
been established. The following rate equations have been de- 
'. rmined for U 0 2 (  s)  in the acidic pH range 3 s pH s; 7: 

rdi,(U02)(mol sec-' m-2) 

= 1.4 (cO.3) X ]0-8[H'J0~5'*~02. 

For U02+, the dependence of the rate of dissolution on pH 
in the range 3 s pH s 9 is given by the expression 

rdis(U02+,)(moi sec-' m-') 

= l .l(kO.3) X 10- '2[H+]-o~M~o.02 .  

In all cases the mechanism of dissolution is surface con- 
trolled. In the acidic pH range the dissolution of U02 is proton 
promoted, while for U02+, it appears to be hydroxo promoted 
already at pH = 3. This is explained by the different surface 
protonation properties of the two solids. The U02 surface is 
positively charged up to pH = 6.8 (pH, = 6.8 2 0.3) and, 
consequently, the surface charge u = { > U O H i } .  The rate 
of dissolution of U02 in the acidic pH range has been shown 
to be proportional to the activity of the protonated surface 
rpecies, according to the expression 

rdim(UO2)(rnol sec-' m-2) = ~H{>UOHY}'. 
This confirms the ideal correlation found between the ox- 

idation state of the central ion and the order with respect to 
the activity of the protonated surface cornplex ( STUMM and 
WIELAND, 1991). On the other hand, UO2+, has a pH, 
= 3.4 f 0.4. consequently at p H  > 3.4, the surface charge u 

0.3 

0 . 2  

0 . 1  

0.0 
0 50 100 150 200 

t i m e  / h 

FIG. 8. Results from EQ3/6 calculations (continuous line) sim- 
ulating the experimental data (squares) obtained in the present work 
for pH = 8.5, 8 m M  NaCIO,, p(H2) = 0.97 atm. amount of UOz: 
1.2 g dm-' (surface area: 0.2412 m'). 

= { >UO-} and the rate of dissolution should be propor- 
tional to the activity of the deprotonated surface. 

In the neutral to alkaline pH range ( 7  to 11 ), we found 
that the rate of dissolution of U02 is independent of pH. As 
we have already discussed, the measurements have been per- 
formed in conditions close to equilibrium and the measured 
rates have to be taken as limiting ones. However, the non- 
dependence of the rate of dissolution with pH is confirmed 
even for the selected data obtained far from equilibrium. The 
rate of dissolution of U02 in the pH range 7 to I 1 is of zeroth 
order: 

rd,,(U02)(mol sec-' m-2) = l .g(k0.8) X 

This rate constant indicates that the half-time for the dis- 
solution reaction of U 0 2  in the pH range of most natural 
waters and under reducing conditions is in the order of days. 
If we compare that with the range of residence times of un- 
disturbed groundwaters ( T  : 102-105 a ) ,  we can conclude 
that the dissolution of U 0 2  and, consequently, the mobility 
of uranium under these conditions will be thermodynamically 
and not kinetically controlled. 

The development of the continuous flow-through reactor, 
using a thin layer of solid inside it, has proved to be useful 
for the study of pure dissolution reactions without the inter- 
ference of surface impurities or secondary phases formation. 
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